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Introduction

Background
Regional site-dependent features must be taken into account and incorporated into decision-making when building up a future bio-based economic system. Finland, situated in the northern boreal forest zone, is one of the world's most heavily forested countries with forest coverage of 73% (United Nations 2012) and forests are the country´s biggest source of renewable energy. Alongside industrial use of roundwood, recent years have seen increased use of forest-based energy, particularly untreated chips straight from the forest (i.e. forest chips). This business area exhibits great potential for sustainable growth. The Finnish forest industry is currently facing problems in many of its core areas: weakening of export markets as a result of the global economic slump, structural changes in communication paper markets and increasing competition in the supply of paper and board products (Hetemäki and Hänninen 2009) . In addition to the current economic problems, in the long term, ecological changes resulting from climate change induced by greenhouse gas emissions pose a further threat (IPCC 2007) . Bioenergy will foreseeably play a key-role in reducing global greenhouse gas emissions in the long term (Chum et al. 2011 ) and the increased use of bioenergy creates opportunities for sustainably managed forests. Greater utilization of forest-based biomass for energy production may offer business opportunities not only for international forest and energy companies but also for local logistics companies and forest owners.
During the last decade, there has been a boom in the use of forest fuels for energy in Finland. Forest fuel is produced straight from the forest biomass, which is defined as the accumulated mass, above and below ground, of the wood, bark and leaves of tree species. Forest biomass utilized for energy purposes can be produced from logging residues, small-diameter energy wood, stumps and stem deadwood by chipping or crushing the wood into smaller chips. In 2011, 7.5 million cubic metres of forest chips were used for energy production, accounting for 13.7 TWh, or about 3.5%, of the country's total energy use (Ylitalo 2012) . The target for the end of 2020 has been set at 13.5 million cubic metres (Ministry of Employment and the Economy 2010).
A key challenge for forest fuels has been to utilize biomass volumes in an economical way. Availability and supply costs of forest fuels are very sensitive to worksite factors and transport distances (Ranta 2002) . The main reason for high transport costs is the low energy density of forest fuels, which varies between 0.42 MWh/m 3 (uncomminuted logging residues) and 0.81 MWh/m 3 (chipped forest biomass) depending on the processed biomass material (Ranta and Rinne 2006) . Measured on a regional basis, the potential demand for wood fuels for energy use is higher than the supply in all provinces of Finland, which increases the distances of forest fuel transportation (Ranta et al. 2007 ).
Long-distance transportation for forest biomass
For shorter distances (< 60 km), truck transportation of loose residues and end-facility comminution has hitherto been the most cost-competitive method (Tahvanainen and Anttila 2011) but over longer distances, roadside chipping with chip truck transport has been shown to be more cost-efficient (Ranta and Rinne 2006) . For even longer distances (135-165 km), depending on the biomass source, train transportation of forest chips can offer the lowest costs when used in conjunction with roadside chipping systems (Tahvanainen and Anttila 2011) . Inland barge transportation has also been studied and results indicate that barge transportation of roadside-chipped chips is more cost-efficient than truck transportation for distances greater than 100-150 km (Karttunen et al. 2012a ).
Within the Finnish national context, especially the use of small-diameter energy wood could be increased to reach energy targets. More dense forest management of young stands, including energy wood thinning, can be used to produce small-diameter trees more economically (Heikkilä et al. 2009 ). Logging is the most expensive part of the supply chain for small-diameter energy wood (Laitila 2008 ) and the costs are significantly higher than those of logging residues (Hakkila 2004) . Innovations leading to more efficient logging have been developed in recent years, such as single-grip harvester heads equipped with multi-tree handling equipment for cutting whole trees and multi-stem delimbed energy wood (Laitila et al. 2010a; Belbo 2011; Kärhä 2011) . Other costs of the supply chain, such as chipping and transportation of chips, are quite similar for both smalldiameter trees and logging residues (Laitila 2008; Hakkila 2004) .
The most frequently used chipping method is roadside chipping, producing 50-60% of all forest biomass at the end of the twentieth century (Strandström 2013). Logging residues and smalldiameter trees are mostly chipped at the roadside (70-80% share). Forest fuels are transported mainly by trucks to the power plants. Traditionally, a solid-frame ordinary trailer truck system is the most commonly used vehicle for peat and wood-chip transport logistics in Finland (Karttunen et al. 2012b) . Typical frame capacities for ordinary trailers range between 120 and 140 m 3 (66%) and tare weight of trucks between 20 and 25 tonnes (59%). The maximum weight limit in Finland for road transportation has recently changed from 60 tons to 64 tons for 7-axle vehicles for a trial period of 5 years. The maximum weight limit for 9-axle trucks has been increased to 76 tonnes and the maximum height from 4.2 to 4.4 metres.
Container trucks see marginal use (8%) in peat and wood-chip transport in Finland (Karttunen et al. 2012b) . Three containers can be transported by a truck and ordinary trailer. The truck must feature a hook system to allow the transfer or unloading of the containers. Containers without doors need to be unloaded with a special turning machine. An innovative container made of composite material has been designed for intermodal truck and railway transportation . The weight of the composite container is 1500 kg, half that of a traditional metal container. The composite container has been sized to allow a load of up to 20 tons. The container dimensions can be modified within the limits set by current road transport legislation (width 2.55 m, height 4.4 m, and length 25.25 m). To allow intermodal transportation, the container is designed to be suitable also for railway wagons. A watertight, thermally insulated structure prevents freezing-related problems in wintertime, which is a clear benefit in Nordic winter conditions (Föhr et al. 2013) .
A current trend in the development of railway logistics has been to decrease the number of terminal sites (Iikkanen and Sirkiä 2011) . From the point of view of the bio-based economy, the remaining sites should be better resourced, especially as regards biomass handling facilities. For example, container railway terminals need enough space for container-handling. At present, only part of the terminal network is suitable for container-handling of large quantities of forest biomass. Additionally, driving distances should be optimal to gain the advantages of rail-based transport from areas not normally used for forest fuel procurement.
The cost of railway transportation for hauling forest biomass in Finland has been simulated in an earlier study (Korpinen et al. 2011) , where the average cost was 1.72 €/MWh (4.92 €/tn) with 15 wagons (distance 342 km). The simulation study indicated 10-wagon trains as more competitive than 20-wagon trains because of the lower utilisation rate of the latter. Korpinen et al. (2011) determined optimal wagon count via simulation and found that the significance of wagon count was rather low relative to the average costs if the train had seven or more wagons. Container railway logistics with terminals for wood fuels have been studied and taken into operational use in Sweden (Enström 2008; Enström and Winberg 2009) .
Efficient supply chains for biomass are clearly of considerable significance for greater use of energy wood and thus form an interesting area of study. Specific issues that need addressing include: cost-efficient solutions for long-distance transportation -road, rail and combined approaches; cost structures of small-diameter energy wood, which unlike logging residues and stumps are not dependent on final cutting; and possible effects of new road dimensions and technical innovations such as intermodal containers, which are widely used in worldwide trade but have hitherto found little application in biomass transport.
Aim of the study
The aim of this study was to examine long-distance transportation of forest chips. The main focus of interest was determination of the profitability and competitiveness of an innovative intermodal composite container solution. The study compared a traditional multimodal supply chain with an intermodal container supply chain for long-distance transportation of wood chips by road and rail. The main difference between the supply chains is found in the functionality of the terminal operations: containers can be handled as individual units in the intermodal supply chain, whereas in traditional systems the chips must be unloaded and loaded as loose material. The study sought to address the question of whether utilization of intermodal composite containers could be a profitable and competitive transportation solution as a part of a large-scale forest biomass supply chain. Furthermore, the study evaluated in which situations it is worthwhile adopting an intermodal container supply chain for forest chips when the supply and demand of forest biomass resources are taken into account. The baseline of the study was a scenario of using truck transportation for forest chips around the user site for existing target demand.
A scenario comparison study method is utilized for the specific case of a selected power plant and composite container logistics. The case calculation is based on the demand of a modern combined heat and power (CHP) plant situated in Jyväskylä, Central Finland (62°11´N, 25°44´E). The CHP plant (power 370 MW) produces 240 MW district heat and 130 MW electricity using mainly wood and peat as fuel. The average annual use of forest fuels at the case plant has been over 500 GWh in recent years. There is potential for increasing the use of forest fuels, especially by activating the railway terminal and underused unloading facilities.
Availability of forest biomass resources to demand points has been studied using sitedependent information (Ranta 2002; Ranta 2004) . In many studies, the costs of long-distance transportation for forest biomass have been determined using cost analysis, which has also been combined with availability analysis (Tahvanainen and Anttila 2011; Korpinen et al. 2013) . The costs of long-distance forest biomass transportation have also been studied using a simulation method (Karttunen et al. 2012a; Korpinen et al. 2011) .
This study contributes to the field by describing and evaluating a new solution for longdistance transportation of forest biomass. By extending analysis of the use of intermodal composite containers to forest biomass logistics, the study gives guidance to applications in which such systems could be adopted. The study introduces a combined methodology of availability analyses and a simulation method that permits the research problem to be addressed based not only on the site-dependent supply and demand potential but also on different transportation methods for forest biomass. By using combined methodologies, it is possible to obtain more realistic results for use in practical decision-making in supply chain management. The study increases understanding of potential methods for utilizing forest-based biomass resources for a more cost-efficient, sustainable and climate friendly energy future.
Material and methods
Study scenarios
This study comprises three main scenarios based on the chosen demand and supply chain. The main scenarios are divided into truck and railway transport options. The first scenario (Sce. 1) involves a comparison between intermodal container logistics and traditional solid-frame truck logistics for the estimated forest chips use at the case power plant. The second scenario (Sce. 2) considers similar truck transportation but with higher demand for forest chips and therefore longer distances. The third scenario (Sce. 3) considers the higher demand and longer distances together with the use of a railway supply chain in addition to the truck logistics. The sub-scenarios of the study compare the traditional and container supply chain options for both past and current maximum road transport dimensions. Additional scenarios for current dimensions are included in the simulation study. The scenarios are described in Fig. 1 and Table 1 .
The demand and supply scenarios are limited to the forest based biomass of logging residues from final cuttings and small-diameter whole trees from early thinnings. The target demand for logging residues was kept lower and small-diameter trees higher in additional use of Sce. 2 compared to Sce. 3 ( Table 2 ). The scenario volumes were chosen based on the current and potential additional demand of the case CHP plant and estimated according to the competition situation for each forest biomass source (Korpinen et al. 2012) . Forest biomass (logging residues and small-diameter energy wood) stored at the roadside forms the starting point of the simulation and is the point at which chipping and long-distance transport and other material-handling operations begin (Fig. 2) . 
Availability analysis
The source data consisted of municipal estimates of forest fuel availability and land-use data (Korpinen et al. 2012) . The datasets were imported to a geographical information system (GIS) environment that was processed by ArcGIS software (ESRI 2013). The points of origin for forest-fuel supply were generated via a 4 × 4 km grid. The midpoints on the grid were extracted for further use in the transport analysis. This raster-to-vector conversion was required to connect the estimates of biomass availability to the transport network in vector format.
In practice, there may be several roadside sites in a 16 km 2 area, and places of forest operations change from one year to the next as new cuttings appear. The biomass volumes in points closer than 4 km from one another were aggregated. Describing the information for several roadside sites as the attributes of one origin point decreases the computational load of route calculation.
The results of the availability analysis are given as average amounts of forest chips, including logging residues and small-diameter trees. Stumps were excluded from the study because they are normally chipped at terminal sites. The competitive demand for forest fuels was taken into account as market share analyses ( Fig. 3 ) (Korpinen et al. 2012) . Three zones were formed around each demand point separately for each fuel fraction and the total techno-economical biomass availability estimated for each zone. The zones were formed by connecting the closest origin points (by road) to the demand point until the total supply volume in the origin points meets the zone limit. The purpose of the rescaling is to relatively decrease the market shares of each demand point in the most competed areas where the sum of the theoretical market shares of the demand point exceeds 100%. The competitive demands for other large-scale biomass power plants were estimated similarly. The availability analysis gave results in solid-cubic meters, which were converted to megawatt hours using the following conversion factors. The dry density of whole trees was set at 430 kg/solid-m 3 based on the average weight of birch and pine, whereas the logging residues of spruce were 445 kg/solid-m 3 including half of the needles (Lindblad and Verkasalo 2001; Lindblad et al. 2010) . The average moisture content for small-diameter energy wood (whole trees) was set to 40% and for logging residues to 45%, based on the average monthly delivery information of the case power plant in recent years. Average net calorific value was set to 19.3 MJ/kg for both biomass sources (Alakangas 2000) . As a result, values of 10.60 MJ/kg (2.11 MWh/m 3 ) for whole trees and 9.52 MJ/kg (2.14 MWh/m 3 ) for logging residues were used for the purposes of calculation of the biomass availability in terms of energy value. The fixed moisture content was used in analysis of the average driving distances for the main scenarios. It must be noted that the moisture content and weight of the biomass was a variable factor in the simulation model of the transportation part of the supply chain. The simulation model used separate availability calculation with site-dependent information. The separate calculation method makes it possible to use the simulation model for other site-dependent case calculations. 
Cost and efficiency analysis
The cost and efficiency analyses include all the cost structures and efficiency values of vehicles and machines throughout the supply chain from roadside to the power plant (Table 3) . The supply chain must include all operations to get comparable results between traditional and container logistics. The operating costs (excluding VAT) of the alternative vehicles and machines were calculated with the aid of machine cost structure analysis and costs were presented in Euros (€). Machine cost structure analysis included annual fixed costs (e.g. capital depreciation, interest expenses, insurance fees and administration expenses) and variable operating costs (e.g. labor costs, fuel, repairs, service) which were set for the input values of the simulation model. The effective time (E 0 ) productivities of vehicles and machines were converted to gross effective time productivities (E 15 ), which included delays shorter than 15 min. The productivity times and the operating hour productivity coefficients were based on both estimates of the author and earlier follow-up or pre-test studies. The new approach and large number of alternatives meant that exact productivity information was not always available. Productivity estimates (unit/time) were converted into efficiency figures (time/unit) within minimum to maximum value ranges in the simulation timetable, where the delays and idle times were taken into account. The purchase prices and annual fixed costs of the trucks showed only slight differences and the variable costs of both types of trucks had the same unit costs, although the final costs varied with distance and net tonnes due to the payload difference of the vehicles. The supply chains had similarities and differences depending on the chosen scenario. In train logistics (Sce. 3), a forklift loader and stationary unloading machine were used at the power plant terminal for unloading both intermodal composite and traditional metal containers. At the satellite terminal there were logistical differences; with the loading operations to be done either with a forklift loader for intermodal containers or traditionally with a front-loader for loose forest chips. There were also differences in daily chipping productivity because of payload capacity (Rinne 2010) . At the roadside storage, the trucks had an assumption (5% probability) that the chipper would not be ready to start the chipping/loading operation and waiting time would last a maximum of 30 minutes per truck in the simulation model. The cost of a chipper was analysed using two trucks per chipper in the supply chain, and the average stationary-unloading cost included three trucks (nine containers). Profits of entrepreneurship were not taken into account in the cost structures and simulations. The lifespan of the containers was set to 20 years. The vehicles were given different lifespans: 7 years for chippers and trucks, and 10 years for loaders. The calculation system of truck transportation is based on cost-structure parameters received from entrepreneurs, vehicle constructors and the road transport association, Finnish Transport and Logistics (SKAL). The study involves the difference between a solid-frame, i.e., a traditional truck, and a truck with intermodal containers, i.e., a container truck. The train system can be based on a multimodal system when traditional trucks are used and an intermodal system with container trucks. The typical solid-frame truck set-up used in the study had a 127 m 3 load size and the tare weight of the truck was 25 tonnes. Consequently, the maximum payload was limited to 35 tonnes based on the Finnish road transport limitation of 60 tonnes in the scenarios for past road dimensions (Karttunen et al. 2012b ). Correspondingly, the container truck had a 124 m 3 load size and the tare weight of a truck with ordinary trailer and containers was 20 tonnes, so the maximum payload was 40 tonnes. Recently introduced maximum road vehicle dimensions increased the volume in height (20 cm, 7.5% more) and maximum payload (4 tons, 10-11% more) for both trucks. In the simulation model, the transported payload varied according to the moisture content of the forest chips (Fig. 4) . The restrictive factor of the payload is either the weight limit, for transporting moist biomass, or the frame volume of the truck, for transporting dryer biomass (30-60%: 261-390 kg/loose-m 3 ).
The cost for railroad transport used in this study has originally been calculated from Swedish figures. The calculation tool, FLIS, created by Skogforsk, was used for calculation of the cost structures for rail transport (Table 4) . Some adjustment to Finnish infrastructural fees has been made (Nash 2005) . Kilometres were maintained constant (363 km) in this specific case from the Kontiomäki terminal to the power plant in Jyväskylä. 20 wagons per train (3 containers per wagon i.e. a total of 60 containers) were used for both intermodal composite containers (41.3 m 3 /container, 1500 kg/container) and metal containers (46 m 3 /container, 2900 kg/container) in the sub-scenarios. In some sub-scenarios 15 wagons were also tested.
In the simulation model, the intermodal composite containers were loaded and unloaded using a forklift loader. The metal containers were loaded with a wheeled front-loader, but unloading was arranged in the same way as the intermodal containers at the power plant, i.e., using a fork loader and stationary unloading machine next to the railway line. The parameters given in Table  5 , which are based on earlier productivity estimates and demonstrations (Karttunen et al. 2010 ; 
Föhr et al. 2013), were used in the calculations.
A special emptying system is required for containers without doors. The container unloading system can be based on stationary or movable solutions (Fig. 5) . In all cases, a heavy forklift or wheel loader is needed in terminal actions to transfer containers from one vehicle to another. Containers can also be unloaded directly from trucks to the stationary unloading system without special machine. The cost of the forklift loader was not included in the operation costs of unloading in the main terminal of power plant in this study.
Simulation methodology
The simulation was conducted with AnyLogic 6 software, which is suitable for discrete-event and process-centric modelling (XJ Technologies 2013). The simulation model was constructed through a combination of agent-based modelling and discrete-event simulation. The model consists of a fixed number of truck agents and a final user-site and follows a discrete-event structure (Lättilä 2012) . The train scenario was additionally created as an agent model but it followed the more complex discrete-event structure, including loading and unloading terminals.
The trucks have five distinct states: out of service, waiting, moving, being loaded, and emptying. The trucks are out of service as their schedules indicate between maximum 24:00 p.m. and minimum 7:00 a.m. on every weekday and are unused at weekends. The trucks operate in two shifts from November until April, and have one shift in May-June and September-October. The trucks do not operate during July-August. The trucks wait at the main terminal of the power plant until they have potential cargo. The state chart for the truck agents presented in Fig. 6 shows the logic of the trucks in the simulation model.
The cargo is generated according to the availability analysis. GIS data are used to estimate how long it takes a truck to drive to a potential load. There are 20 potential loads in the model at all times. The model checks beforehand if there is time to pick up and return any of the cargo loads according to the day schedule. When appropriate cargo is found, a truck moves to the location. The delay required for the move depends on the distance and the type of road between the terminal and the cargo location. When the truck reaches the location, it is loaded. During this time, the weight of the truck increases in accordance with the moisture level of the cargo. The weight of the load depends mainly on the moisture content of the forest chips, and the load is converted from tonnes to megawatt hours using conversion factors (Alakangas 2000) . The moisture content of the forest chips ranges between 30% and 60% and is allocated to the simulation model according to the normal distribution for the chosen forest chip source. On completion of loading, the truck moves back to the terminal to be emptied. Next, the truck is commanded to seek for potential cargo and the route cycles are continued. At the end of the day, the truck returns to the 'Out of Service' state.
The simulation process description consists of input and output data for the chosen scenarios (Fig. 7) . Time usage of the vehicles and unit costs for the chosen scenarios are the main output results of the simulation. The simulation model keeps track of the costs of the systems (Fig. 8) . The model runs in the virtual reality for one year and calculates the total costs, which consist of the yearly fixed costs plus variable costs dependent on the production amount of forest chips. The total costs are then divided by the total amount of energy transported to the final user site, to yield the unit cost of energy as euros per megawatt hours. It is possible to stop the model during the year to analyse the total unit costs of other utilization rates.
In the simulation model, the train operates only in the wintertime when the trucks are operating two shifts because of high demand for forest chips. The train leaves the loading terminal (satellite terminal) in the early evening and the unloading terminal (main terminal of power plant) in the early morning. Thus, the train conducts four round-trips per week. A one-way trip takes approximately six hours, so there are six hours to load and another six hours to unload the train during a day. The state chart of the train is similar to the truck: the train is idle, moving between locations, or being loaded or unloaded. The train can utilize different types of containers. If the train utilizes the same intermodal containers as the trucks, the truck operations at the loading terminal can be conducted using container trucks. The container trucks leave full containers at the terminal and pick up empty containers. At the satellite terminal, the train leaves empty containers and picks up full containers. A forklift loader conducts these operations for both the trucks and the train at the satellite terminal.
However, if larger containers are used on the train, traditional trucks are used to supply the terminal with the wood chips. The trucks empty their payload at the terminal and the railway wagons are loaded with a wheeled front loader. At the main terminal of the power plant, the same unloading machinery is assumed to be able to handle all of the different types of containers. The train is preferred over the trucks at the terminal. When the train arrives, the trucks have to wait for the train to be emptied before the unloading machinery starts to unload the trucks. This is due to the stricter time-constraints of the train, which has to follow a specific schedule.
Supply chain costs
Total costs of the supply chain include the many operations before long-distance transportation. These costs are the stumpage price for the forest owner, the harvesting costs (logging and forwarding) and operational overhead costs (organizational costs), which differ depending on the biomass source costs. In this study, the average logging cost (19.1 €/m 3 , 9.1 €/MWh) and the forwarding cost (5.6 €/m 3 , 2.7 €/MWh) for small-diameter energy wood (moisture content 40%) were based on earlier studies (Laitila 2008 ). An average piling cost of 0.5 €/m 3 , 0.2 €/MWh (Ranta 2002; Kärhä and Vartiamäki 2006) was used. The forwarding cost (6.2 €, 2.9 €/MWh) for loose logging residues (moisture content 45%) was based on previous studies (Laitila et al. 2010b; Asikainen et al. 2001) . The overhead (organization of forest operation) and stumpage (payment to forest owners) costs were estimates (Heikkilä et al. 2009 ). The cost values used in the study are given in Table 6 .
Assumptions and limitations
In this study, it was assumed that there is only one unloading station for forest chips in the power plant. Thus, the trucks need to wait for their unloading turn. In times of congestion during the peak season in winter, the waiting times would be longer than assumed in the simulation. The unloading times of the containers were based on a stationary unloading machine. Unloading times of the machine were based on pre-tests. Unloading of the train had to be done in the night or early morning because the container trucks, which were using the same unloading station in the simulation model, started the day schedule at 7 a.m. Different numbers of trucks were used in the simulation model to meet the target demand in the scenarios (Table 7) .
The container trucks and train were assumed to have another use during times of low demand for forest chips. For container trucks, the two summer months were free of costs. For the train, the costs included the costs for half a year, after which the train with the containers was considered as Table 6 . Roadside cost of logging residues and small-sized trees used in this study (€/MWh). having another use. Totally, 45 extra containers were used in the intermodal supply chain.
Varying numbers of trucks and wagons (15 wagons = 45 containers) were included in the study of sub-scenarios dealing with current dimensions (Table 6 ). Truck and railway supply chain costs for current dimensions were put separately in the same figure to enable comparison of the cost-efficiency of the traditional supply chain with the container supply chain for alternative amount of forest chips for large-scale procurement from long distances. The aim of the additional sub-scenario analyses was to estimate combinations of trucks and wagons with the most potential to fulfill the need for forest chips cost-efficiently.
It is worth noticing that there is a difference between target demand and supply based on simulated deliveries in the study. Target demand is the aim of the power plant to fulfil its need for forest chips. Simulated supply is the volume of forest chips which it is possible to produce with the assumed number of vehicles based on simulation results. The unit cost of the supply chain is the result of the total costs divided by the simulated deliveries of forest chips.
Results
Total cost of the supply chain
Container supply chains were the most cost-efficient alternatives for both past (15.7-17.2 €/MWh) and current maximum truck dimensions (15.3-16.9 €/MWh) (Fig. 9) . The past dimensions were 1-5% more expensive compared to the current dimensions. The unit costs of traditional supply chains varied between 17.0 €/MWh and 20.0 €/MWh for the past dimensions, which is 3-9% more expensive than with current dimensions (16.1 €/MWh-18.2 €/MWh), the precise amount depending on the scenario used. The total costs of the traditional supply chain were 8-19% greater than the corresponding container supply chain for the past dimensions and 5-11% greater for the current dimensions, depending on the scenario. The unit costs of truck and railway supply chains are presented separately (Fig. 10) .
Total costs for current dimension scenarios (Table 8 ) varied between 7.4 and 14.7 million euros depending on the amount of forest chips (482-834 GWh) and logistical alternative (traditional or container supply chain). Unit cost varied between 15.3 and 20.0 €/MWh depending on the simulated amount of forest chips and logistical alternative. The unit cost of the railway supply chain varied between 20.3 and 26.5 €/MWh. It is worth noticing that results of target demand (Main scenarios: 200, 540 or 740 GWh/a) are reported separately based on the cost curves for simulated delivery amounts of current dimensions (Table 8) . Those simulations are included in the figures below, which present total cost of supply chains (Fig. 11, Fig. 12 ) and unit costs per MWh (Fig. 13, Fig. 14) separately for both the truck transportation and railway transportation chain.
The total cost curve (Fig. 11) shows that the cost curve of the traditional supply chain by trucks rises more steeply than the cost curve of the container supply chain as the amount of forest chips is increased, whereas the total cost curve of railway supply chains grows steadily (Fig. 12) . Unit cost figures (Fig. 13, Fig. 14) show that the container supply chain is more cost-efficient than the traditional supply chain.
As an example, if deliveries of forest chips is increased from 600 GWh (average distance Fig. 9 . Unit cost of forest chips (€/MWh) transported by traditional supply chain and container supply chain (past and current dimension). Combined system includes both truck and railway supply chains. Scenarios are presented in Table 1 . Table 1 .
71 km) to 800 GWh (95 km), the unit costs of the traditional supply chain by trucks increase from 17.2 to 19.2 €/MWh, whereas container supply chain costs by trucks increase from 14.7 to 15.8 €/MWh (Fig. 15) . Consequently, savings potential grows exponentially from 1.5 to 2.7 €/MWh (annual savings from 0.9 to 2.2 million Euros) as a result of using the container supply chain instead of the traditional supply chain. Combined multimodal truck and railway transportation (Sce. 3) can be used to decrease unit costs from longer distances (Fig. 15) . For example, if the total deliveries of forest chips are increased from 600 to 800 GWh, so that the share of railway transportation is increased from 100 to 300 GWh, the unit costs of the traditional multimodal supply chain decrease from 21.2 to 16.9 €/MWh, whereas intermodal container supply chain costs decrease from 19.1 to 15.5 €/ MWh. Savings potential cannot be achieved until the delivery amount of the railway supply chain is approaching 300 GWh, where the unit cost savings vary between 0.3 €/MWh (container) and 2.3 €/MWh (traditional) (annual savings from 0.2-2.3 million Euros) as a result of using railway system instead of trucks from long-distances. 
Fixed and variable costs of truck transportation, chipping and unloading machine
The truck transportation unit cost for past maximum road vehicle dimensions was 4.0 €/MWh (1.1.1) for traditional trucks and 2.9 €/MWh (1.2.1) for container trucks (Sce. 1). Additional use of forest chips (Sce. 2) increased the truck transportation costs to 5.6 €/MWh (2.1.1) by traditional trucks and 3.3 €/MWh (2.2.1) by container trucks. Additional use of forest chips (Sce. 3) from the satellite terminal decreased the truck transportation cost, which was 4.2 €/MWh (3.1.1) for traditional trucks and 2.7 €/MWh (3.2.1) for container trucks, respectively. The costs of truck transportation with past dimensions were 7-28% more expensive than with current maximum truck dimensions, depending on the scenario. The simulated costs of the trucks, chipping and unloading machine are presented in Fig. 16 .
The biggest costs of the transportation chain were the fixed costs of the trucks, which varied between 1.8 and 4.7 €/MWh depending on the scenario. The second biggest part was the fixed costs of chipping, which varied between 1.8 and 3.5 €/MWh.
Simulated time usage of truck logistics
Simulated time usage of the truck logistics showed that the trucks stayed unused ("Trucks at base") most (62-66%) of their annual time (Fig. 17) . It is notable that the traditional trucks spend 14.8% of their time waiting to be emptied in the second scenario (2.1.1), which is clearly a bottleneck in traditional operations. For corresponding container trucks, the amount of waiting time remains low at 3.4% (2.2.1).
Average driving distances
The annual demand of Scenario 1 (Sce. 1) (540 GWh) was met within a 71 km average driving distance, which was two thirds of the longest driving distances (107 km) ( Table 9 ). The average truck-driving distance has to be increased by 17% to 83 km to meet the additional demand of Sce. 2 (740 GWh). The average driving distance of Sce. 3 was the shortest, 65 km.
The low average driving distance of Sce. 3 was the result of the low driving distance around the satellite terminal, on average 48 km (maximum driving distance to the satellite terminal was 73 km) and average distances for the logging residues and small-diameter energy wood were 51 km and 46 km, respectively. Table 1 .
Discussion
This study determined and compared the cost of forest chips logistics for multimodal transportation supply chains based on traditional solid-frame options and intermodal containers. The results showed that the total costs of forest chips with intermodal composite container supply chains were lower than traditional options in all scenarios. The combined availability and simulation study method showed that the most advantageous way to expand the procurement area for forest chips is either to use composite container trucks or start using train transportation from longer distances. Traditional systems were 8-19% more expensive (17.0-20.0 €/MWh) than the intermodal container scenarios (15.7-17.2 €/MWh) for past maximum road vehicle dimensions. Current dimension regulations decrease the total costs of forest chips by 0.2-1.9 €/MWh (on average 4%). The results for the intermodal container supply chain vary between 15.3 and 16.9 €/MWh, whereas traditional options were 5-11% more expensive (16.1-18.2 €/MWh) for current road vehicle dimensions. The change in road vehicle dimensions influenced traditional options more positively than container supply chains.
In order to increase the use of forest fuel at the power plant, it is necessary to increase the number of trucks. At the same time, a larger number of trucks leads to longer waiting times at the power plant level as it is difficult to effectively synchronize operations and trucks will arrive at the power plant at the same time. This creates a feedback with the required number of trucks because the trucks need to spend more of their operational time waiting at the unloading platform. For traditional trucks, it might be necessary to assess how to increase the number of slots for emptying at the power plant. Otherwise, increasing the driving distance will lead to non-linear increases in total costs of the logistics system as the number of required trucks is non-linear compared to the driving distance. Scenarios are presented in Table 1 . The availability analysis showed that it is possible to decrease truck driving distances dramatically if the additional procurement is extended via a railway satellite terminal with good biomass reserves rather than through direct truck hauling at the area of high demand and competition. On the other hand, additional handling and railway operations increased the total supply chain costs for the intermodal container supply chain more than direct truck hauling.
This study included a geographical information system (GIS) model combined with a simulation model to calculate the costs of a number of scenarios for the case area of Central Finland. A simulation method with many variable factors, such as payload differences, monthly demand of biomass, and including time usage of alternative machines should give more relevant cost results. Simulation study combined with geographical information will lead to results of greater relevance to practical decision-making when considering the use of innovations. A main difference between real prices and theoretical costs is the lack of profit cost data in the theoretical calculation scenarios. Moreover, in the scenarios, organizational overhead costs of transportation are not included in the total cost of the supply chain.
The unit costs of the railway transportation chain for forest chips varied between 2.2 and 3.7 €/MWh and total unit cost of the railway supply chain varied between 3.0 and 4.9 €/MWh, which included terminal costs of 0.8-1.2 €/MWh (loading and unloading). Intermodal container railway transportation was more expensive than traditional railway transportation, but combined supply chains of truck and railway transportation were more cost-competitive for intermodal container supply chains than traditional supply chains. The competitive market price of railway transportation could be more than theoretical costs, because profits were not included in the simulation. Not only combined methods of truck and railway supply chains but also combined methods of traditional and container supply chains might achieve optimal solutions for the large-scale supply chain of forest biomass.
It must be taken into consideration that this study included restrictions and assumptions that may have a significant role in supply chain costs. Firstly, it was assumed that there is only one unloading place for forest chips in the power plant. Container unloading times of the machine were based on pre-tests, but usability in real situations should be demonstrated to get more exact information about the productivity and functionality of the machine. Secondly, the container trucks and train were assumed to have another use during times of low demand for forest chips and fixed costs were excluded from the calculation. On the other hand, the cost of the traditional railway supply chain did not include summer seasons in the simulation model. The aim of the output settings of the supply chains was to maintain a good level of comparability for the study.
Thirdly, the payload is dependent not only on the biomass moisture content, tare weight and frame volume of the trucks but also on the road vehicle dimension limits by legislation. The vehicle dimension has an influence on costs, especially for wet and heavy forest chips. Light composite container trucks can take more payload than heavier traditional trucks. The Finnish government has decided to increase the maximum road transport limit in Finland from 60 tons to 76 tons. An increase to 64 tons for 7-axle trucks was used in this study, but 9-axle trucks can be driven with loads up to 76 tons. The use of container trucks for biomass transportation and usability of heavy volume traditional trucks with more axles are worthy of further investigation.
The case study showed that intermodal containers could be the most profitable alternative for forest biomass logistics. The results indicated that supply chain costs can be reduced by replacing traditional solid-frame transportation with the innovative intermodal container logistics or by replacing truck transportation with railway transportation for long distances. Intermodal composite container logistics and railway transportation could be developed as an attractive option for a large-scale supply chain for forest chips.
